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CARBON FIBRILS 
BaclcQround of the Invention 
This application is a continuation-in-part of 
Tennent et al., U.S. S.N. 872,215. filed Jirne 6, 1986, 
5 assigned to the same assignee as the present application 
and hereby incorporated by reference, which is a 
continuation-in-part of Tennent, U. S.S.N. 678,701, now 
issued as U.S. 4,663,230, hereby incorporated by 
reference. Also incorporated by reference are U. S.S.N. 
10 871,676 and U.S»S.N. 871,675, both of which are 
continuation-in-part applications of Tennent,^ U.S. 
4,663,230 which were filed on June 6, 1986 and assigned 
to the same assignee as the present application. 

. This invention relates to carbon fibrils. 
15 Carbon deposits generally occur in three major 

forms: amorphous, platelet, and vermicular. Carbon 
fibrils are vermicular carbon deposits having diameters 
less than 500 nanometers. These fibrils exist in a 
• variety of forms, including filaments (solid core) and 
20 tubes (hollow core), and have been prepared through the 
catalytic decomposition at metal surfaces of various 
carbon-containing gases. 

Tennent, U.S. 4,663,230, referred to above, 
describes carbon fibrils that are free of a continuous 
25 thermal carbon overcoat and have multiple graphitic 
outer layers that are substantially parallel to the 
fibril axis. They are prepared by cc .tactinc a 
carbon-containing gas with an iron, cobalt, or 
nickel-containing catalyst at a temperature between 850 
30 and 1200^C. 
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Sianmarv of the Invention 
The invention features, in one aspect r carbon 
fibrils of the general sort described by Tennent, 
above. The predominant morphology along the length of 
S an individual carbon fibril is that of vermicular tube 
free of a continuous thermal carbon (i.e- pyrolytically 
deposited carbon resulting from thermal cracking of the 
gas feed used to prepare the fibrils) overcoat and 
having graphitic layers that are substantially parallel 

10 to Che fibril axis: The total surface area covered by 
the thermal overcoat is preferably less than 50% r more 
preferably 25% > and most preferably less than 5%, and 
the length of the projection of the graphitic layers on 
the fibril axis extends along the axis for a distance of 

15 at least two (preferably at least five or more) fibril 
diameters. In a volume of carbon fibrils, preferably a 
useful amount of the fibrils (as determined by the 
particular application envisioned) have the 
above-described morphology. Also preferred are fibril 

20 volumes in which at least 10% of the fibrils (preferably 
at least 50%, more preferably at least 75%) have the 
above-described morphology. 

The fibrils are prepared by contacting a metal 
catalyst with a carbon-containing gas in a reactor at 

25 reaction conditions including temperature sufficient to 
produce the fibrils with the above-described 
- -morphology. ' Preferred reaction temperatures are 

400«C50*C,. more preferably 600-750*C. The fibrils are 
preferably prepared, continuously by bringing the reactor 

30 to the reaction temperature, adding metal catalyst 

particles, and then continuously contacting rhe catalyst 
with the carfccr.-crnTfcir-ing ge^s . Zxarr.ples cf suitable 
gases include aliphatic hydrocarbons, e.g., ethylene, 
propylene, propane, and methane; carbon monoxide; 
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aromatic hydrocarbons, e.g., benzene, naphthalene, and 
toluene; and oxygenated hydrocarbons. The fibrils are 
preferably grown throughout the volume of the reactor 
(as opposed to being limited to the reactor walls), with 
S the weight to weight ratio of fibrils to the metal 
content of the catalyst preferably ranging from 1:1000 
to 1000:1. 

Preferred catalysts are non-aqueous (i.e., they 
are prepared using non-aqueous solvents) and contain 
10 iron and, preferably, at least one element chosen from • 
Group V (e.g., vanadium), VI (e.g., molybdenum, 
tungsten, or chromium), Vll (e.g., manganese), or the 
lanthanides (e.g., cerium). Hon-aqueous catalysts are 
preferred because they offer good reproducability and do 
15 not require careful control of £« or the catalyst's 
thermal history. The catalyst, which is preferably in 
the form of metal particles, may be deposited on a 
support, e.g., alumina (preferably fumed alumina). 
These catalysts are useful for the production of carbon 
20 fibrils generally, as well as fibrils of the sort 

described by Tennent. Preferably, the chromium content 
of the catalyst is less than 8 wt.%. 

The carbon fibrils thus prepared have a 
length-to-diameter ratio of at least 5, and more 
25 preferably at least 100. Even more preferred are 
. -fibrils whose.length-to-difia6rer_ra£ic_is at least 

1000. The wall thickness of the" fibrils is about O.l to 
0.4 times the fibril external dian; ter. 

The external dia.-E6ter of the fibrils preferably 
30 is between 3.5 and 75 nm. in terms of fibril diameter 
distribution, a useful amount of the fibrils (as 
determined by rhe perziculer sj^licttion er.vicicr.cd) 
having the desired morphology have diameters within a 
predetermined range, preferably 3.5-75 nm. Preferably, 
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at least 10%, more preferably 50%, and, even more 
preferably, 75% of the fibrils have diameters falling 
within this range; In applications --liere high strength 
fibrils are needed (e.g., vhere the fibrils are used as 
5 reinforcements), the external fibril diameter preferably 
does not vary by more than 15% over a length of at least 
3 fibril diameters (preferably at least 10 diameters, 
more preferably at least 25). 

The invention provides carbon fibrils having a 
10 morphology and microstructure (sTibstantially parallel 
graphitic layers, high length-to-diameter ratio, lack of 
continuous thermal carbon overcoat) that impart good 
mechanical properties, e.g., tensile strength. The 
relatively low ten^jeratures used, coupled- with the 
15 ability to utilize 'the entire reactor volume, makes the 
process economical and efficient. 

The fibrils are useful in a variety of 
applications. For example, they can be used as 
reinforcements in fiber-reinforced composite structures 
20 or hybrid composite structures (i.e. composites 

containing reinforcements such as continuous fibers in 
addition to fibrils). The composites may further 
contain fillers such as carbon black and silica, alone 
or in combination with each other. Examples of 
reinforceable matrix materials include inorganic and 
organic polymers; cerssics (e.g., Portland cezcnt). 
-carbon, and metals (e.g., lead -or copror)7- When the 
matrix is an organic polymer, it may be a theriscset 
resin such as epcsy, bisaaleimide, polyimids, or 
polyester resin; a thermoplastic resin; or a reaction 
injection molded resin. The fibrils can also be used to 
reinforce cor.tir.\:ouE fibers. Sj:;: pies of continu:us 
fibers that can be reinforced or included in hybrid 
composites are aramid. carbon, and glass fibers, alone 



25 



30 
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or in combination with each other. The continuous 
fibers can be woven, knit, crimped, or straight. 

The composites can exist in many forms, 
including foams and films, and find application, e.g., 
5 as radiation absorbing materials (e.g., radar or visible 
radiation), adhesives, or as friction materials for 
clutches or brakes. Particularly preferred are 
fibril-reinforced composites in which the matrix is an 
elastomer, e.g., styrene-butadiene rxibber, 
10 cis-l,4-polybutadiene, or natural nibber; such 

elastomer-based eon^sites may further contain fillers 
such as carbon black and^ silica, alone or in 
combination. These composites (with or without carbon 
black or silica fillers) are useful when shaped in the 
15 form of a tire; the fibrils allow more oil to be added 
to the tire. 

In addition to reinforcements, the fibrils may 
be combined with a matrix material to create composites 
having enhanced thermal and electrical conductivity, and 
20 optical properties. Furthermore, the fibrils can be 
used to increase the surface area of a double layer 
capacitor plate or electrode. They can also be formed 
into a mat (e.g., a paper or bonded non-woven fabric) 
and used, as a filter, insulation (e.g., for absorbing 
25 heat or sound), reinforcement, or adhered to the surface 
of carbcn black to form "fuzzy" carbon black. Moreover, 
the fibrils-can be used as an adscrbent, e.g., for 
chromatographic separations. 

It has also been discovered that conpcsites 
30 reinforced with a volune of carbon fibrils that are 
vermicular tubes having diameters less than 500 
narior;e-£rs cen be ^zo^i-ei in vhich the anour.t of the 
fibril voluiTie in the cornpcsite is significantly less 
(e.g., less than 50 parrs, preferably less than 25 
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parts, more preferably less than 10 parts) compared to 
other types of reinforcements that, surprisingly, 
eachibit good mechanical properties (e.g., modulus and 
tear strength) despite the lover amoxmt of 
5 reinforcement. Preferably, the fibrils are free of a 
continuous thermal carbon overcoat and have graphitic 
layers that are substantially parallel to the fibril 
axis, as described above. 

Other features and advantages of the invention 
10 will be apparent from the following description of the 
preferred embodiments thereof, and from the claims. 

Description of the Preferred Embodiments 

We first describe the figures. 

Pig. 1 is a plan view of a portion of a fibril 
IS enbodying the invention. 

Fig. 2 is a plan view of a portion of a fibril 
without substantially parallel graphitic layers. 
Preparation 

The preparation of carbon fibrils is described 
20 by way of the following examples. 
Example 1 

Carbon fibrils are prepared by feeding, either 
by gravity or gas injection (e.g., using an inert gas), 
metal-containing catalyst particles into a stream of 

25 carbon-containing gas in a vertical tube reactor at 
about 550-850*C; the catalyst particles can also be 
formed in situ through decorrocsition of a precursor 
compound, e.g., ferrocene. The reactor includes a 
quartz tube ecpiipped with an internal gucrtz- wccl plug 

30 for receiving the cat&lysr particles ar-i a thor=ocou;le 
for monitoring the reactor teniperature . Inlet pcrts 
throucr. vhich -h-- c ralyst, reactzm- gac, end ?ur?s ras, 
e.g., argon, are added are also provided, as well as an 
outlet, port for venting the reactor. 
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Suitable carbon-containing gases include 
saturated hydrocarbons, e.g., methane, ethane, propane, 
butane, bexane, and cyclohexane; unsaturated 
hydrocarbons r e.g., ethylene, propylene, benzene, and 
5 toluene; oxygenated hydrocarbons, e.g., acetone, 

methanol, and tetrahydrofuran; azul carbon monoxide. The 
preferred gases are ethylene and propane. Preferably, 
hydrogen gas is also added. Typically, the ratio of 
carbon-containing gas to hydrogen gas ranges from 1:20 
10 to 20:1. Preferred catalysts are iron, molybdenum- iron, 
chromium- iron, cerixim-iron, and manganese-iron particles 
deposited on fumed alumina. 

To grow the fibrils, the reactor tube is heated 
to 550-850*c while being purged with, e.g., argon. When 
15 the tube is up to temperature (as measured by the 
thermocouple), the flow of hydrogen and 
carbon-containing gas is started. For a one inch tube, 
a hydrogen flow rate of about 100 ml/min. and a 
carbon-containing gas flow rate of about 200 ml/min. is 
20 suitable. The tube is purged with the reactant gases 
for at least 5 minutes at this rate, after which the 
catalyst falls onto the quartz wool plug. The reactant 
gases are then allowed to react with the catalyst 
throughout the reactor volume (typically for between 0.5 
25 and 1 hour). After the reaction period is over, the 
flow of reactant gases is stopped and the reactor 
•allowed to cool to room tiamperature under a carbon-free 
gas purge, e.g., arc;^n. The fibrils are then harvested 
from the tube and weighed. 
30 Typically, the fibril yield ratio is at least 

30 times rho iron cbntsn" of the catalyst. 

The abcve-describe-c procedure produces a volur.e 
of carbon fibrils in which a useful amount (preferably 
at least 10%, more preferably at least 50%, and, even 
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more preferably, at least 75%) of the fibrils have the 
following morphological features. They are vermicular 
graphitic tubes ranging in diameter from 3.5 to 75 nm 
with lengths ranging from at least 5 to more than looo 
S tiroes the diameters. The graphite layers making up the 
vermicular tubes are substantially parallel to the 
fibril axis, as described in more detail below. The 
fibrils are also free of a continuous thermal carbon 
overcoat . 

1° 1 depicts a carbon fibril 10 prepared as 

described above. Pibril lo contains a hollow core 
region 14 surrounded by graphite layers 12 that are 
substantially parallel to fibril axis 16. 

One aspect of substantial parallelism is that 
15 the projection 18 of a represer.tative graphite layer 13 
extends for a relatively long distance in terms of the 
external diameter 20 of fibril lo (e.g., at least two 
fibril diameters, preferably at least five fibril 
diameters). This is in contrast to fibril 20 shown in 
20 Pig. 2. There, the projection 28 on fibril axis 26 of a 
graphite layer 22 surrounding hollow core 24 is 
considerably shorter than fibril diameter 30. This 
short projection gives rise to the fishbone-type 
■ morphology shown in Pig. 2, rather than the 
25 substantially parallel morphology shown in Fig. i. 

Pibril 10 shows, in -Pig.. Lis also free of a 
cofitinuous thermal carbon overcoat. Such overcoats 
generally consist of pyrolytically deposited carbcn 
resulting from thermal cracking of the gas 'feed used' to 
30 prepare the fibrils. Preferably, the total surface area 
covered by the thcrr.ai overcoa;: is less -.har. 50% (more 
preferaily lerr thr- 25%, ar.d eve:: crcf .raily 

than 5%). ' ' 
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Example 2 

Into a 3 L. round bottom flask was added 80.08 
g of Degussa funed alumina and 285 ml of methanol. The 
mixture was stirred to afford a thick paste before a 
S solution of 78.26 g (.194 moles) of ferric nitrate 
nonahydrate and 4.00 g (.0123 moles) of molybdenum (VI) 
oxide bi8(2,4-pentanedio?jate) in 300 ml of methanol (Fe 
to Mo atom ratio of 94:6) was added slowly. The thick 
paste which had collected on the sides of the flask was 
10 washed down with 65 ml of additional methanol and the 
mixture was stirred for 1 hour before house vacuum (28 
in, Hg) was applied while stirring overnight. The 
purple-tinted solid was placed in a vacuum oven at 
100°C (28 in. Hg) for 29 hr. A total of 110.7 g of 
15 catalyst was obtained. The catalyst was ground and 

passed through an 80 mesh sieve prior to use. Analysis 
of the catalyst indicated 9.43% iron and .99% molybdenum. 

A vertical furnace containing a 1 inch quartz 
tube with an internal quartz wool plug and thermocouple 
20 was equilibrated at 650°C under a down flow of loo 
ml/min. hydrogen and 200 ml/min. ethylene. Into the 
tube (onto the quartz wool plug) was added .1044 g of 
the above-described catalyst. After 30 min., the 
ethylene flow vss stopped and the oven was allowed to 
25 cool to near room temperature. A total of 1.2434 g of 
fibrils vzz harvested for a yield ratio of 126 times the 
iron content of the catalyst. 
Eg ..tole 3 

A saa^le of catalyst from example 2 (1.6371 g) 
50 was pla- id in a horizontal furnace under argon and was 
heated to 30C°C. After 30 min. at this temperature, 
the furnacs vzz ccoicd a::d 1.4453 g of catalyst was 
recovered (12% wt. loss). This should leave* 11.1% iron 
and 1.2% molybdenum in the catalyst. 
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A vertical tube furnace containing a 1 in. 
quartz tube with an internal quartz vool plug and 
thermocouple was equilibrated at 650^*0 under a 100 
ml/min. down flow of hydrogen and 200 ml/min. flow of 
5 ethylene . Into the hot tube was added . 1029 g of the 
catalyst described above." After 30 min. , the ethylene 
flow was stopped and the oven was allowed to cool to 
near room temperature. A total of 1.3705 g of fibrils 
was isolated for a yield based on theoretical iron 
10 content of 120 tiaes the iron content. 
Example 4 

The vertical tube furnace described in example 
2 was equilibrated at 700°C under the flow of 100 
ml/min. hydrogen and 200 ml/min. propane. Onto the 

IS quartz wool plug was added .I04lg of catalyst from 
example 2. After 30 min. the fuel gases were stopped 
and the product was cooled under argon. A total of 
.3993 g of fibrils was isolated for a yield of 41 times 
the catalyst iron content. 

20 Example 5 

The procedure of example 4 was followed at 
650»C using .I004g of catalyst from example 2. A total 
of .3179g of fibrils was harvested for a yield of 34 
times the iron contest of the catalyst. 
25 Example 6 

Into a round bottom flask was added 4.25 g of 
Degussa fumed alumina and 30 ml of methanol. The 
mixture was mechanically stirred vhile a solution cf 
4.33 g (10.7 mnol) of ferric nitrate non-^hydrate and .51 
30 g (1.56 n. ;1) of mclybcenu3!( VI) oxide bis(2. 

4-pes:er.sdic!:£te) in 50 ml of methar.ol was slovly 

Tho r-istur > vas stirred for 1 hc-r bcfcro the- 
solvent was removed with the aid of a rotary 
evaporator. .The resulting damp solid was vacuum dried 
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'at 105°C, 28 in. Hg for 18 hours. The resulting 
catalyst was ground and passed through an 80 mesh 
sieve. A total of 5.10 g of catalyst was obtained. 
Analysis of the catalyst indicated 9.04% iron and 2.18% 
5 nolybdenujD to be present. ' 

Fibrils were prepared following the procedure 
of example 2 at 650°c using .0936 g of the above 
catalyst. A total of .9487 g of fibrils was isolated 
for a yield of 126 tines the iron content by weight. 
10 Eacaarole 7 

Into 8 round bottom flask was added 3.80 g of 
Degussa fumed alumina and 30 ml of methanol. The 
mixture was mechanically stirred while a solution of 
4.33 -g (10.7 Drool} of ferric nitrate nonahydrate and 

IS 2.04 g (6.25 mmol) of molybdenum(VI) oxide bis (2, 

4-pentanedionate) in 100 ml of solvent was removed at 
105°c and 28 in. Hg for 17 hrs. The dried catalyst 
was sieved (80 mesh) to afford 6.10 g of powder. 
Analysis of the catalyst indicated 8.61% iron and 8.13% 

20 molybdenum by weight. 

Fibrils were prepared following the procedure 
of example 2 at 650°c using .1000 g of the above 
catalyst. A total of .8816 g of fibrils was isolated 
for a yield of 102 times the iron content by weight. 

25 Example 8. 

The procedure of exaxple 7 was folloved at 

700 using methane and .loieg of catalyst. A total of 
.07l7g of fibrils were isolated for a yield of 8.2 tir:2s 
the iron content of the catalyst. 
30 Exarrsle 9 

Into a SCO ml round botton flasli was placed 
4.37 g of D6:j-j£sc fu:.-.-s; alusias: a~d 28 a:l of methanol. 
To the stirred mixture was added a solution of 4.33 g 
(10,7 mmol) of. ferric nitrate nonahydrate and .46 g 
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(1.32 mmol) of chromium acetyl acetonate in 75 ml of 
methanol. The mixture was stirred for 1 hr before it 
was dried for 18 hr at 105°C and 28 in. Hg. The 
catalyst was ground and sieved (80 mesh) to afford 5.57 

.5 g of powder. The theoretical metal content by .weight 
was 11.9% iron and 1.4% chromium. 

Fibrils were prepared following the procedure 
of exan^le 2 at 650°C using .0976 g of the above 
catalyst. A total of .9487 g of fibrils was isolated 

10 for a yield of 82 times the theoretical iron content. 
Example 10 

Into i 500 ml round bottom flask was placed 
4.40 g of Degussa fumed alumina and 35 ml of methanol. 
To the thick paste was added 4.32g (10.7 mmol) of ferric 

IS nitrate nonahydrate' in 35 ml of methanol. The mixture 
was stirred for 45 min. before the solid was dried at 
95°C and 28 in. Hg for 18 hr. The catalyst was ground 
and &ieved (80 mesh). 

Fibrils were prepared following the procedure 

20 of exaii^le 2 at 650°C using .0930 g of the above 

catalyst. A total of .4890 g of fibrils was isolated 
for a yield of 46 times the theoretical -iron content. 
Example 11 

Into a round bottom flask was placed 4.33 g of 
25 Degussa fumed alumina in 30 ml of methanol. To the 

stirred paste was added a solution of 4.33 g (10.7 mmol) 
of ferric nitrate nonahydrate and .42 g (1.19 mmol) of 
ferric acetyl acetonate in 50 ml of methanol. The 
mixture was stirred for 75 min. before drying at 10 5 • 
30 and 28 in. Hg for 17 hrs. The solid was ground and 

sieved (80 mesh) to afford 5.87 g of catalyst. Analysis 
showed 13.79% iron present in the catalyst. 
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Fibrils were prepared following the procedure 
of example 2 at 650°C using .0939 g of the above 
catalyst to afford .3962 g of fibrils. This corresponds 
to 31 times the theoretical iron content of the catalyst. 
5 Example 12 

Into a round bottom flask was added 4.33g of 
Degussa fumed alumina in 20 ml of water followed by a 
solution of 4.33g (10.7 mmol) of ferric nitrate 
nonahydrate and .17g (.138 mmol) of ammonium molybdate 

10 in 40 ml of water. The mixttire was mechanically stirred 
for 1 hour. The water was removed at reduced pressure 
at 40'C overnight. Final drying was accomplished at 
140 ^'C and 26 mm Hg for 21 hours to afford 5.57 g of 
solid. Analysis of the catalyst showed 9.87% iron and 

15 1.45% molybdenum to be present. 

Fibrils were prepared following the procedure 
of example 2 at 650*C using .0794 g of catalyst to 
afford .B656g of fibrils. This corresponds to 111 times 
the iron content of the catalyst. 

20 Example 13 

Into a round bottom flask, containing 4.33g of 
Degussa fumed alumina and 30 ml of methanol, was added a 
solution of 4.33g (10.7 mmol) of ferric nitrate 
nonahydrate and .16g (.368 mmol) of eerie nitrate in SO 

25 ml of methanol. An additional 20 ml of methanol was 
used to wash all the salts into the flask. The mixture 
was stirred- for- one hour before the solvent was removed 
at reduced pressure. The solid was dried at 130*C and 
27 mm Hg for four days to afford 5.32g of catalyst.* 

30 Analysis of the solid indicated 9.40% iron and .89% 
cerium to be present. 

Fibrils were prepared followng the procedure of 
example 2 at SSO^'C using .0914g. of catalyst to afford 
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of^. '^"^ ""«Pond. to .e tfes the 
Of the catalyst. 



into a round bottom flask was added 4 33a «^ 
-fumed. alumina and 30 ml of methan^r ^ ^ 
- was poured a solution of L^U ^ ? 
-ic nitrate and .310 (1 22 »n«^^ ! ^ "'^ 

r^•,r-::.:: ---- -^^^^^ 

•"««9 of fibril. Thi. '■ ^ ' ="alyst to afford 
ire. content o"L c«::""*'^'^ '° " 



IS 

Example* Ti; 



2« .l«in. „. pour^ ° °^ "thanol. onto th. 

'erric nitraH lS ' 0^°^ J,''' ' »' 
«etyl.e,ton.t. tn so 11 1, T °* ""9ane«( III) 
re^ve. at reduc:: pr«. J.' ^^S!', "^"^ «« 

vacuum dried at UO-c to^^^ ""^ "« 

» «»-lysis of tie cat.I«t 

»"9«.,.. ■ * ""'5^' indicated lo.,o, iron ^ ^^^^ 

-'"ig Of fibril, ai. " °' " •""^ 

» iron content of I,, ZllT.^'^'^ '° "° 

v«er <s.:r:::e\::;d-;r?:;rfT r ""-^-^ 

«i".r, pH probe' ^tl'f.rf^-- ' 
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-e nonahydrate (sug dissolved in 5654 ni 
the other an a^eous solution of sod"^ 
^te (480g dissolved in 5700 »i of water) 
The pH Of the alumina slurry was fir«- 

^' solutions were added sinwltaneousir 

hours With good agitation while maintai^ina ^ ' 
- 6.0. When the addition was complete ,1^^^^^^ 
continued for an additional i/^ho" lit 
Slurry was filtered an « "^'^^ 

filter cake var.H °° " " ftmnel.. The 

ter caKe was then washed with deior.^,^^ 
returned to the 22 i u <Jeionized water and 

hour. ih. batch w.. .k.„ , 7 ^ V2 
aeioni«d w.t,r ^ f 'il"«d. .a.hea with 
iiea water, and vaeuum-drltd at loo'p ^„ . 
"eight (4755), Following. 4^i„ tt. , ^"""^ 
prepared by grinding and .1^!"'' J! 
" ftcampl. ^ »»«ving the product to -so mesh. 

«« Placed* inTincrdl" " ^»«-- 

Ih. tube wa. p^^e^"\b .To T-" 

" to a fixture of hydrogen (f, i2\f" f —itched 
Vmln) via a dip tube to ethylene (5.6 

described in .k Jie " 
reeervoir. Xhe^I „' t" ? 

»»an portions (0.2g, ove a I'l . ^" 
The reactioJ was^.L^a":: VZT"''' 
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Example ip 

•tiorlen. d.,ctib«i In example 17 " 

total J55g ""ch gave a 

Example 19 

«.30 m«e„ vlf!!: ""^ ''^''^ "actor (dl«net« . 

20 and make-up 00 streim t "'^ recycle 

flows down tScuT!! ^"""^ " *^ 

temperat^eTmoT*"^" """" "''"^ ' 

oera.,ic filter and the effluent „.T """"^ 
«fo« 1.3 at™csp>.e-es I „ ' " recempresaed to 
"> effluent oas b , " " '"^^ the 

through a KOH be- 'o s „, ^/^^^ "rean, passes 

the make-uo O) ; =^ ' ^ before 

. w 18 added. The streaa. then is divided. 



ith 9 g/second being diverted through a heat «v k 

s coo:, .nf^: Lr: «u.rT:':.::,r r 

A one inch diameter quartz tube coiitai«<r.« 

injected into the reactor above the frir 
react fn,- e 1 tne trit and allowed to 

react tor 5 minute. . Jbe product was purged from th. 
■ reactor by quadruplin, the gas tlow 40^0 .. ^ 

:XT - - -:rc«a\r:ar - 
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Claims 



1. 



A volume of carbon fibrils comprising a 
multxplicity of fibrils having a morphology consisting 
of vermicular tubes that are free of a continuous 
5 thermal. carbon overcoat and have graphitic layers that 
are substantially parallel to the fibril axis. 

2. The fibril volume of claim i wherein at 
least 10% of the fibrils in said volume have said 
morphology. 

" ' ^« ^olune of claim l wherein said 

morphology is the predominant morphology of said volume 

4. The fibril volume of claim i wherein at 
least 75% Of the fibrils in said volume have said 
morphology. 

" vol«e of data 1 v^erein a 

~1 Of th. fibril, in ..id vol»e have ..id 

iBorphology. 

6. A carbon fibril vhose predominant 
morphology along its length is characterized as a 
vermicular tube free of a continuous thermal carbon 

^rll'i!rf ^"^"^'''^ substantially 
parallel to the fibril axis. 

said J; "f^ °^ ""^^^ ^ ^ therein, in 

said fibrils having said morphology, the length along . 
said axis Of the projection on said axis, of said layLs 
extends for a distance of at least 2 fibril diameters 

said fihrf; f °^ ^l^i"'^ 1 or 6 wherein, in 

said fibrils having said morphology, the length alone 
said axis Of the projection on said axis of said lay^s 
extends for a distance of at least 5 fibril diameter! 

9. The product of claims 1 or € whe-e<n in 
said fibrils having said morphology, the • 
length-to-diameter rario of said fibrils is at least 5. 



20 



25 



30 



ma 
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10 



said f.H K^' °' "'"'"^ ' « in 

said fibrils having said morphology, the 

length-to-diameter ratio of said fibrils is at least 100 

said fibrils having said morphology, the 
length-to-diameter ratio of said fibrils is at least 

said .is if' J^^ °' ' « in 

said fibrils having said morphology, the external 

diameter of said fibrils is between 3.5 and 75 am 

13. The fibril .volume of claim 2 wherein the 
eternal diameter of said fibrils is between 3.5 and 75 



nm. 

14. 



IS 



external dio ^ "'"'^^ °^ '^^^^^ ^ ^^^'^^i" 

e«emal diameter of said fibrils is between 3.5 and 75 



sm. 

15. 



external ^i * the 

eternal diameter of said fibrils is between 3.5 and 75 



nm 

16. 



25 



30 



extern.! """^""^ ^^^^^ ^ ^^"^i" the 

external diameter of said fibrils is between 3.5 and 75 

said fibril': ' ^ ^^^"i^' in 

said fibrils having said morphology, the amount of 

surface area covered by said overcoat is less than -50%. 

18. The product of claims 1 or 6 wherein in 

said fibrils having said morphology, the amount o^' 

surface area covered by said overcoat is less than 25%. 

said fibrii: J^^ °' ' " ' ^^"^in- in 

said fibrils having said morphology, the amount of 

surface area covered by said overcoat is less than 51 
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20. The product. of claims 1 or 6 wherein, in 
said fibrils having said morphology, the wall thickness 
of said fibrils is between 0.1 and 0.4 times the 
external diameter of said fibrils. 
5 21. The product of claims 1 or 6 wherein, in 

said fibrils having said morphology, the esctemal 
diameter of said fibrils does not vary by more than 15% 
over a length of at least 3 fibril diameters. 

22. The product of claims 1 or 6 wherein, in 
10 said fibrils having said morphology, the external 

diameter of said fibrils does not vary by more than 15% 
over a length of at least 10 fibril diameters. 

23. The product of claims 1 or 6 wherein, in 
said fibrils having said morphology, the external 

IS diameter of said fibrils does not vary by more than 15% 
over a length of at least 25 fibril diameters. 

24. A composite comprising the fibril volume 
of claim .1 in a matrix. 

25. The composite of claim 24 wherein said 
20 matrix comprises an organic polymer. 

26. The composite of claim 25 'wherein said 
polymer is a thermoset resin. 

27. The composite of claim 26 wherein said 
thermoset resin is an epoxy, bismaleimide, polyimide, or 

25 polyester resin. 

28. The composite of claim 25 wherein said 
polymer is a thermoplastic resin. 

29. The composite of claim 25 wherein said 
polymer is reaction injection molded. 

30 30. The composite of claim 24 wherein said 

matrix comprises an inorcar.ic polymer. 

31* The compcsitG of claim 24 wherein said 
matrix comprises a metal. 
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32. The composite of claim 31 wherein said 
netal is lead or copper. 

33. The composite of claim 24 wherein said 
matrix comprises a ceramic material. 

S 34. The composite of claim 33 wherein said 

ceramic is Portland cement. 

35. The composite of claim 24 further 
comprising carbon black, silica, or a combination 

thereof . 

" ^® composite of claim 24 wherein said 

matrix con5)rises an elastomer. 

37. The composite of claim 36 further 
comprising carbon black, silica, or a combination 
thereof. 

" 38. The composite of claim 36 herein said 

elastomer is styrene-butadiene rubber. 

39. The composite of claim 36 wherein said 
elastomer is natural rubber. 

20 *?* °°'»Posite of claim 36 wherein said 

20 elastomer is ci8-i,4-polybutadiene. 

• 41. The comjiosite of claim 36, 38, 39, or 40 
Wherein said composite is in the form of a tire. 

42. The composite of claim 41 further 
comprising carbon black, silica, or a combination 

25 thereof. 

43. The composite of claim 24 wherein said 
matrix is carbon. 

44. The composite of claim 24 further 
comprising continuous fibers. 

45. The composite of claim 44 wherein said 
continuous fibers are woven, knit, crimped, or straight, 



30 
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«6e« .xone or in ZZ"<^ " 

10 ,„ " •l»«t'»««9n«ic radiation. 

radiation is rlL'r"^'" " « «ld 

" .dsorbentu ^"f " " """ein said 

56 ^1, "'"™"=°«"Phi« .Wrations. 
fibril vo':. Tll'^ir.'"^" ""^'"'^ 

" "-i- -.":™^raXr°ulr ' 

-t i. «.L''.s?«^«" "'"^ " "herein said 

- - -e" to^riii:::: - '^-^ " — ■ 
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than 25 parts. eoi.po.lt. i. i,„ 

is less 

volume ,re fres .f . *>»>r»ls » ..ia fibril 

IS «d have or=.J,:; ''•""^ ""'on overcoat 

p.r.iiei I t.:":.;iT::ir *" ••-"•""•"y 

■ a morphology oonsl.tinj of v.rlicul.r tL. , 

continuous them-i ™v ""ciiat tub., free of a 

25 axu. ■ "^'-"tially p«rall,i to the fibril 

«.tli. have .ureter. Within": ^r^L"^:::/^? 

^0 "bras h vm. «.r::"= r " ^'■"''^ 

"brlls have Il«" vtir*' " " 

"briis h.vin,i:ir::rXi°:j":: n:^^- 

«-Us have .la.et.rs !lthln"a ;r\:e^»i':eV:j;::- 
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fibril K ^"^'^^ °' " ^^^^i'^' S-id 

fibrxls having said morphology, a useful amount of said 
fibrils have diameters within a predetermined range. 

71. The process of claims 67. 68, 69, or 70 
vherem said range is between 3.5 and 75 nm. 

72. The process of claim 66 wherein said 
catalyst comprises iron. 

73. The process of claim 72 wherein said 
catalyst further comprises at least one Group Vl element 

^« Process of claim 73 wherein said Group 
VI element is molybdenum. ^ 

VI !^' '^^ ^"^'^^ °^ '^^^^ '3 ''^"^i^ said Group 

VI element is chromium. ^ 

IS VI elem^n^- ^"'"''^^^ °^ '^^'^i^ '"id Grouo 

A» VI element is tungsten. 

catalv^i. y\J^^ °' "^'^^ '2 said 

catalyst further comprises at least one Group vii 

79. The process of claim 72 wherein said 
elelS! '''"^'^ " ^^-^ °- lanthanide 

25 i.n^K ^""^^^ °^ ^5 «J^erein said 

25 lanthanide element is cerium. 

..^.^ . l^' ^ P^°<^^ss x>f claim 72 wherein said 
catalyst further comprises at least one Group V element. 

V element ^s ZlZ^'^' °' " ^^^"^^ 

83. The process of claim 72, 7«. 75, 76 77 

aiuntma suppcrz. 

alumin, ^^"^ °^ " ^^^^-ei^ said 

alumina is fumed alumina. 



30 
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85. 



The process of claim 66 v.*erein said 
ca.on-co .ainin, comprises an aiipha.ic .Zc.r.o.. 

alioha.i. H . ^ °^ " ^^e^ein said 

S lltt^ hydrocarbon comprises methane, propane 
5 propylene, or ethylene. P*^opane, 

87. The process of claim 66 wherein 
90. The process of claim 89 wherein sain 

weight of the metal content of said catalyst 

weight Of the metal content Of said catalyst, 
producing'a't leasViT" " comprising 

wexg..t of the metal content of said catalyst. 

' p-ucing"; ^:::/r:z:::'^::^- -^^-^^ 

Of the metal content of said catalys! ' 
Producing'l: llast^''''"/' " comprising 

we-ghts Of the metal content of said catalyst 
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98. The process of claim 66 further comprising 
producing at least 1 weight of said fibrils per 100 
weights of the metal content of said catalyst . 

99. The process of claim 66 further con^rising 
5 producing at least L weight of said fibrils per lOOO 

weights of the metal content of said catalyst. 

100. The process of claim 66 further 
comprising growing said fibrils throughout the volume of 
said reactor. 

10 101. The process of claim 66 wherein said 

fibril volume is continuously produced by continuously 
contacting said carbon-cont.aining gas with said catalysr 
in said reactor. 

102. The process of claim 66 herein said 

IS reactor is heated to said temperature and said catalyst 
is added to said heated reactor. 

103. The process of claim 66 wherein the 
surface area of said fibrils having said morphology 
covered by said overcoat is less than 50%, 

20 104. The process of claim 66 wherein the 

surface area of said fibrils having said morphology 
covered by said overcoat is less than 25%. 

105. The process of claim 66 wherein the 
surface area of said fibrils- having said morphology 

2S covered by said overcoat is less than 5%. 

106. The process of claim 66 wherein said . 
catalyst is iron or iron-chromium particles deposited on 
fumed alximina, said carbon-containing gas is ethylene r 
and said temper arure is between 600 and 750 'C. 

30 107. A voloime of carbon fibrils preps^red 

according to the process of claim 66. 
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108. A process for preparing carbon fibrils 
comprising contacting a catalyst that includes iron and 
molybdenum^ cerium « or manganese, alone or in 
combination, but has less than 8 vt.% chromium with a 

5 carbon-containing gas in a reactor under reaction 
conditions sufficient to produce said fibrils. 

109. A process for preparing carbon fibrils 
comprising contacting a particulate catalyst that 
includes iron and mol^denum, cerium, or manganese, 

10 alone or in combination, with a carbon-containing gas in 
a reactor under reaction conditions sufficient to 
produce said fibrils. 

110. The process of claims 108 or 109 wherein 
said catalyst is deposited on an alumina support. 

15 111. The process of claim 110 wherein said 

altimina is fumed. 

112. Carbon fibrils prepared according to the 
process of claims 109, 110, or 111. 

113. A non-aqueous metal catalyst comprising 
iron and at least one element chosen from Groups V, VI, 

20 or VII, or the lanthanides for preparing carbon fibrils. 

114. The catalyst of claim 113 wherein said 
element is molybdenum. 

115. The catalyst of claim 113 wherein said 
element is chromium. 

25 116. The catalyst of claim 113 wherein said 

element is manganese. 

117. The catalyst of claim 113 wherein said 
element is tungsten. 

118. The catalyst of claim 113 wherein said 
30 element is vanadixin:. 

119. The catalyst of claim 113 wherein said 
element is cerium. 
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120. The catalyst of claim 113, 114, 115, 116, 
117, 118, or 119 wherein said catalyst is deposited on 
an alxxmina support. 

121. The catalyst of claim 120 wherein said 
5 alumina is fumed «. 
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